The filaments of spirochete periplasmic flagella (PFs) have a unique structure and protein composition. In most spirochetes, the PFs consist of a core of at least three related proteins (FlaB1, FlaB2, and FlaB3) and a sheath of FlaA protein. The functions of these filament proteins remain unknown. In this study, we used a multidisciplinary approach to examine the role of these proteins in determining the composition, shape, and stiffness of the PFs and how these proteins impact motility by using the spirochete Brachyspira (formerly Treponema, Serpulina) hyodysenteriae as a genetic model. A series of double mutants lacking combinations of these PF proteins was constructed and analyzed. The results show the following. First, the diameters of PFs are primarily determined by the sheath protein FlaA, and that FlaA can form a sheath in the absence of an intact PF core. Although the sheath is important to the PF structure and motility, it is not essential. Second, the three core proteins play unequal roles in determining PF structure and swimming speed. The functions of the core proteins FlaB1 and FlaB2 overlap such that either one of these proteins is essential for the spirochete to maintain the intact PF structure and for cell motility. Finally, linear elasticity theory indicates that flagellar stiffness directly affects the spirochete's swimming speed.
The spirochetes constitute a very diverse but monophlytic group of bacteria that have common morphological attributes (37) . All species of spirochetes have periplasmic flagella (PFs), and these organelles have been shown to be essential for motility (8, 25) . One to several hundred PFs are subterminally attached near each end and extend toward the center of the cell, where they may or may not overlap. The number of PFs, and whether they overlap at the center of the cell, is dependent on the species. Surrounding the entire cell is a lipid bilayer membrane. This outer membrane is often referred to as an outer membrane sheath, since it surrounds the entire spirochete including the PFs. Thus, spirochetes differ from other bacteria in that the spirochete organelles for motility-the PFs-reside within the periplasmic space. There is a real advantage to being a spirochete, since these organisms can efficiently swim through highly viscous gel-like media which inhibit the motility of most other motile bacterial species (3, 8, 34) .
PFs consist of three parts: basal body, hook, and filament. Consequently, the PFs are similar in structure to the flagella of other bacteria (8, 26, 32) . Flagella in other species of bacteria often consist of a polymer of a protein referred to as flagellin; within the flagella is a narrow channel 20 Å in diameter whereby new flagelllin monomers pass through and assemble at the growing tip (53) . However, the PF filament is unique and is among the most complex of bacterial flagellar filaments thus far analyzed (8, 25, 26) . Specifically, in most spirochete species, the PFs contain one, and sometimes two, flagellar sheath proteins referred to as FlaA, and most often two to three core proteins designated FlaB1, FlaB2, and FlaB3 (6, 8, 25, 36, 41, 50) . The spirochete Borrelia burgdorferi is unique, since it has only one FlaA protein and one FlaB protein (16) . FlaA proteins are 37-to 44-kDa and are similar between species based on their amino acid sequences and antigenic cross-reactivity. These proteins are likely exported to the periplasmic space by the type II secretion pathway, as their N-terminal amino sequences are cleaved, and a typical peptidase I cleavage site is present near the N terminus (7, 8, 24, 36) . In contrast, FlaB proteins are exported to the periplasmic space through the basal bodies via a type III secretion pathway (8, 36) . These core proteins are generally 33 to 41 kDa and immunologically crossreact between one another in a given species and also between species (8, 25, 36) . There is no sequence similarity or antigenic cross-reactivity between FlaA and FlaB proteins (8, 25, 36) .
FlaB proteins comprise a family of related proteins. For example, FlaB proteins of Treponema pallidum, Treponema denticola, and Brachyspira hyodysenteriae have between 57 and 84% deduced amino acid sequence identity. In some cases, the sequence identity of FlaB proteins is higher between species than within a given species. In any given species, each FlaB protein is encoded by an individual gene (15, 24, 35, 39, 44) . Because FlaB proteins, but not FlaA proteins, have sequence similarities to the flagellin of other bacteria, especially at the N-and C-terminal regions, FlaB proteins are considered to have an identical function in forming helical flagellar filaments that rotate (36, 52) and are assumed to have a narrow channel for new monomers to pass through. Along these lines, PFs have indeed been shown to rotate (9, 18) , and FlaB proteins devoid of the FlaA sheath have been shown to be left-handed helices (9, 18, 24) . The arrangement of the FlaB proteins within the filament is unknown: thus, it is unclear whether FlaB1, FlaB2, and FlaB3 reside on separate domains within a PF, or whether they are dispersed along the filament.
The roles of the individual filament proteins with respect to both PF structure and motility in spirochetes are not understood. We and others have begun to analyze the function of these filament proteins using B. hyodysenteriae as a model system (20, 24, 41) . B. hyodysenteriae is the cause of swine dysentery, and evidence suggests that its motility is necessary for colonization of the intestine to bring about disease (20, 42) . Furthermore, it is readily manipulated by both allelic exchange mutagenesis and by generalized transduction via a defective transducing phage (20, 41, 42, 46) . Finally, the genes encoding these filament proteins are monocistronic; thus, downstream affects of insertion mutations are minimized (24) . Because the noncultivable syphilis spirochete T. pallidum and the oral spirochete T. denticola have PFs similar to that of B. hyodysenteriae with respect to having one FlaA protein and three FlaB proteins and because these proteins show significant sequence similarity between species as noted above, the information obtained from B. hyodysenteriae should be relevant to these spirochetes as well (4, 36, 43) .
In previous studies with B. hyodysenteriae, the effects of single deletion mutations in each of the filament genes (flaA, flaB1, flaB2, and flaB3) were analyzed in detail (24, 41) . Rosey et al. partially analyzed the double flaA flaB1 mutant (42) . We found that the loss of one of the FlaB proteins did not influence the assembly and the helical shape of the PFs. In contrast, the PF morphology of the flaA mutant was dramatically different (24) . These results indicated that FlaA did not just passively form a sheath around a FlaB core but rather contributed to PF helicity. Furthermore, because all of the single mutants had a slight decrease in motility, each filament protein is evidently essential for full motility. To further examine the role of these proteins in PF structure and cell motility, we analyzed a series of double mutants in the genes that encode these proteins. Here we show that FlaB1 and FlaB2 overlap with respect to function, i.e., in the absence of either one of these two proteins, the other is able to carry out that function. The analysis also indicates that FlaB1, FlaB2, and FlaB3 are most likely dispersed along the entire PF. Furthermore, and most surprisingly, in the absence of both FlaB1 and FlaB2, a hollow tubular structure is formed that is primarily composed of a polymer of FlaA. Finally, we used linear elasticity theory to calculate the stiffness of the mutant PFs relative to the wild type. Our results suggest that flagellar stiffness directly affects the swimming speed of these spirochetes. (46) . Cells were grown in an atmosphere of 1 to 2% oxygen in a Coy anaerobic chamber and in media previously described, and all manipulations were done to minimize normal atmospheric exposure (24, 41, 42) .
MATERIALS AND METHODS

Bacterial
DNA manipulation and PCR conditions. B. hyodysenteriae chromosomal DNA isolation, PCR, DNA sequencing, and Southern blot analysis were used to characterize the respective double mutants as previously described (24, 41) . The primer sequences, target loci, and conditions for DNA amplification have been described in previous publications (24, 41) .
Purification of PFs, SDS-PAGE, and Western blotting. The PFs from the wild type and the mutants were purified and analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), densitometry, and Western blotting, as previously described (24) . Rabbit antisera directed to B. hyodysenteriae FlaA and FlaB proteins were kindly provided by M. Jacques (University of Montreal, Montreal, Quebec, Canada), and a monoclonal antibody that reacts with B. hyodysenteriae FlaB1, FlaB2, and FlaB3 was generously provided by G. Duhamel (University of Nebraska). The procedures for PF purification using shearing and differential centrifugation (without CsCl banding) have been previously described (24) .
Measurement of the helicity of the PFs. The PF morphology was analyzed by using dark-field microscopy. The helix handedness, helix pitch, and helix diameter of the PFs were determined as previously described (24) . At least 25 PFs were measured from each strain, and the results are expressed as mean Ϯ the standard error of the mean (SEM). Significant differences were established by using analysis of variance (ANOVA) and post-hoc Tukey-Kramer tests.
Motion analysis and swarm plate assay. Two methods were used to measure spirochete motility. First, the motility of spirochete cells was measured by swarm agar blood plates. Swarm diameters were determined after 36 h of incubation (24) . Second, the velocity of the wild type and mutants was measured by using a software package marketed as Volocity (Improvision, Inc., Coventry, United Kingdom). This software package has recently been used to successfully track B. burgdorferi cells (2, 31) . Briefly, 1 l of late-logarithmic-phase B. hyodysenteriae cultures was added into 20 l of prereduced saline buffer with 1% methylcellulose (4,000 mesh). The spirochete cells were visualized by dark-field microscopy with a Zeiss Axioskop 2 microscope (Carl Zeiss, Inc., Jena, Germany) at ϫ200 magnification at 35°C equipped with a heated stage (Physitemp, Inc., Clifton, NJ). Approximately 100 cells of the wild type and all of the mutants were tracked and analyzed. For all of the strains, the velocity of the fastest 25 swimming cells was measured, and the results are expressed as means Ϯ the standard deviations (SD) of the mean; this group of cells was chosen since, during the time interval for tracking (between 1 and 2 min), the swim paths of these cells appeared to be unhindered by the glass surface compared to slower-swimming cells.
Standard TEM and cryo-TEM. To view the PFs, purified PFs using negative staining were examined by electron microscopy as previously described (24, 41) . Cryo-transmission electron microscopy (cryo-TEM) was used to analyze the ultrastructure of the purified PFs from the wild type and the mutant strains. As an internal control to determine PF diameter, 1 l of tobacco mosaic virus (TMV), freshly resuspended in distilled water, was added to 32 l of each sample. The freshly prepared PFs containing TMV were applied to lacy carbon grids covered with fresh 10-nm-thick carbon films and then plunge-frozen in liquid ethane cooled by liquid nitrogen (13, 51) . A 5-l volume was applied to one side of the grid, and the grid was double blotted for 2 s before plunging. The plunging was performed at room temperature. Grids were stored in liquid nitrogen after plunging. Images were recorded with a JEOL JEM-4000FX at 400 kV (wild type) and an FEI Tecnai F20 at 200 kV (mutants). The underfocus setting on both microscopes was such that the contrast-transfer function first minimum corresponded to a spacing of about 4 nm. However, the effect of the higher coherence of the field emission gun in the case of the F20 was quite noticeable in the images. In both cases, images were recorded at Ϫ179°C, with an incident electron dose of 12 e-/Å 2 . The images were saved as digital format. The diameters of the PFs and derived structure were directly measured from the digital images by using the software Openlab (Improvision). No more than two measurements were made per filament, and at least 30 filaments were measured per sample. The measurements were calibrated by the diameters of TMV and were expressed as means Ϯ the standard error of the mean. Significant differences were evaluated by using ANOVA and post-hoc Tukey-Kramer tests. (42); thus, all of the combinations of flaA with the three flaB mutants and two of the three possible combinations of the flaB mutants were obtained (we were unsuccessful in obtaining a flaB2 flaB3 mutant). PCR analysis using primers identical to those used to analyze single mutants (24) indicated that allelic exchange occurred at the targeted genes (data not shown).
RESULTS
Construction of double mutants mediated by
Motility analysis of mutants. Previous results using swarm plate assays indicated that single mutants were still motile but decreased in motility (24) . To further investigate the role of these proteins in motility, we extended our analysis to velocity determinations of the wild type and single and double mutants. The velocities of the wild type and mutant strains were measured by the Volocity computer based tracking system, and the results are listed in the Table 1 . Strains carrying single mutations in flaA, flaB1, or flaB2 had an approximate decrease in velocity of 28 to 38% compared to the wild type. The flaB3 mutant only decreased ca. 13%. These results suggest that FlaB3 is less important than other filament proteins in terms of motility. In the analysis of the double mutants, the combination of a mutation in flaA with any of the three flaB mutations revealed a pattern (Table 1) . These three mutants (flaA flaB1, flaA flaB2, and flaA flaB3) were markedly slower than the single mutants; they had an approximate decrease in velocity of 50 to 60% compared to the wild type. The flaA flaB3 mutant was least affected (50%). Similarly, the flaB1 flaB3 double mutant also showed a decrease in velocity of 48%. Only the flaB1 flaB2 double mutant was completely nonmotile.
The results obtained by motion analysis were further tested by swarm plate assays. After 36 h of incubation, the swarm diameters of all of the double mutants were less than those of the wild type and single mutants ( Fig. 1 and Table 1 ). Furthermore, only the flaB1 flaB2 double mutant failed to swarm. These results are in agreement with the velocity determinations noted above. Taken together, because single flaB1 and flaB2 mutants were still motile and the double flaB1 flaB2 mutant was nonmotile, there is functional overlap with respect to FlaB1 and FlaB2, i.e., if one of these proteins is missing, the other can supply in part the function necessary for motility. Furthermore, the results indicate that all double mutants were more severely inhibited in motility than the single mutants. Finally, because the single flaB3 mutant was least affected compared to the other single mutants, and in combination with mutations in flaA or flaB1, FlaB3 may not be as essential for motility as the other FlaB proteins.
PF assembly in the mutants. B. hyodysenteriae PFs are composed of four filament proteins: one FlaA sheath protein, and three FlaB core proteins (24) . Each of these proteins is encoded by a separate gene that is monocistronic (24) . In addition, other proteins of 35 and 39 kDa, which do not react with either FlaA or FlaB antisera, are associated with the PFs (Fig.  2b and c) (21, 24) . The 39-kDa protein is considered to be weakly associated with the PFs, since it is lost on CsCl gradient centrifugation purification. In contrast, the 35-kDa protein is thought to be strongly associated with the PFs, since it is retained on gradient purification among all of the mutants (24) . Because the 35-kDa protein is retained in PF preparations from mutants lacking FlaA, it evidently does not closely associate with FlaA. Preliminary results from peptide analysis indicate that the 35-kDa protein is a lipoprotein. We previously found that the single mutants still assembled the PFs (24) . To analyze the composition and structure of the PFs from the double mutants, the PFs were purified and compared to the wild type and the single mutants. Western blot analysis indicated that all of the double mutants were specifically deficient in the proteins encoded by the targeted genes (Fig. 2a) The data are expressed as the swarm diameter of a given mutant after subtracting that of the nonmotile flaB1 flaB2 mutant. b Except for the flaB1 flaB3 mutant, the strains were ordered based on their decreasing relative speed. The relative speed is the mean swimming speed of the mutant bacteria divided by the mean swimming speed of the wild-type cells.
c The relative bending modulus (RBM) and the relative twist modulus (RTM) are the stiffness of the flagellum to bending and twisting, respectively, divided by the bending or twisting modulus of the wild-type flagellum. NA, not applicable.
pattern was found in whole-cell lysate analysis of these mutants probed with the FlaA and FlaB antisera from B. hyodysenteriae (data not shown). These results indicate that not only are all mutants deficient in the targeted filament proteins but also the remaining filament proteins are still expressed and assembled in a given PF from the respective mutants.
Because of the unique nonmotile phenotype of the flaB1 flaB2 mutant, its PF analysis is presented in more detail. SDS-PAGE analysis of the flaB1 flaB2 mutant was compared to that of the wild type. The PF fraction from the mutant was found to consist primarily of FlaA, a decreased amount of FlaB3, and small amounts of the 39-and 35-kDa proteins (Fig. 2b) . Densitometry analysis indicated the ratio of FlaA to 35-kDa protein to FlaB3 to be 1:0.35:0.15 (for a reference, the wild type has a ratio of FlaA to FlaB1 to FlaB2 to FlaB3 of 1:0.42:0.22: 0.45 [24] and to the 35-kDa protein of 0.4, but this latter ratio varied considerably from preparation to preparation). This conclusion was further supported by Western blot analysis of the PF fraction, which indicated strong reactivity to FlaA, and a decreased amount of FlaB3 (Fig. 2c) .
PFs structure of mutants. Spirochete PFs have been shown to be left-handed with a distinct helical pitch and helix diameter for a given species (9, 24) . In B. hyodysenteriae, only the mutants deficient in flaA had a markedly altered PF helical shape; the PFs from single mutations in flaB1, flaB2, and flaB3 were similar or slightly less helical than that of the wild type (Table 1) (24) . We analyzed the PFs of the double mutants as previously described for the single mutants. The helicity of the PFs isolated from the double mutants with flaA and flaB mu- tations were dramatically altered (Table 1) . Specifically, the helix pitch of the PFs from the flaA flaB1, flaA flaB2, and flaA flaB3 mutants were 20 to 26% less than those of the single flaA mutant and 32 to 38% less than that of the wild type. Similarly, the helix diameters of PFs of these mutants were also dramatically affected: 25 to 41% less than that of the single flaA mutant and 48 to 59% less than that of the wild type. All of these mutants were left-handed (data not shown). These results indicate that the combinations of mutations of flaA with those of flaB cause a striking alteration in helicity of the PFs. The flaB1 mutation in combination with either the flaB2 or the flaB3 mutation yielded markedly different results. The flaB1 flaB3 mutant had a helix pitch and a diameter almost identical to that of the wild type. Thus, FlaA and FlaB2 together form PFs quite similar in shape to those of the wild type. In contrast to all other mutants, the filaments from the PF fraction of the flaB1 flaB2 mutant were completely nonhelical. TEM revealed that these filaments were short and appeared straighter than the wild type and other PF mutants (Fig. 3) . Because the filaments of this mutant primarily consist of FlaA with only a small amount of FlaB3 (Fig. 2b and c) , the results suggest that FlaA by itself is unable to confer a helical shape.
Thin-section and negative-staining analysis of double mutants. Previous studies indicate that the single mutations in these filament genes do not change the number of PFs. To test whether double mutations have altered the number of PFs in the given mutants, the number of PFs present in these mutants was determined by analysis of thin sections and by negative staining of lysed cells. Except for the flaB1 flaB2 mutant, all others had typical PF structures located in their periplasmic space, as can be seen in cross-sections and oblique sections ( Fig. 4a and c) . We found that these double mutants had 8 to 11 PFs per cell cross-section, which is similar to those found for the wild type (Fig. 4a) . Thus, the double mutations in the given mutants did not influence the number of PFs per cell. Furthermore, the results also suggest that there was not a major variation from one mutant to another with respect to PF length; otherwise, we would have observed fewer PFs in the cross-section in the mutant compared to the wild type.
The flaB1 flaB2 mutant differed from the wild type and other double mutants, as seen in thin sections. Structures resembling PFs were not evident in cross-sections (Fig. 4b) . In some cells, nondiscrete densely staining material was observed in the periplasmic space (Fig. 4b, dashed arrow) . This periplasmic material lacked the definition of obvious filamentous structures as observed in the other mutants and the wild type (Fig.  4a) . Interestingly, organized filamentous structures were observed in oblique sections similar to those found in the wild type (Fig. 4d) but were much more rarely observed than in the wild type and other mutants. However, when a gentle procedure to remove the outer membrane sheath with 0.5% Triton X-100 instead of the previously used 1% Triton X-100 to isolate PFs (24) was applied, no filamentous structures were seen attached to the cell cylinders (data not shown).
The flaB1 flaB2 double mutant forms hollow tubes. To further characterize the filamentous structures found in the flaB1 flaB2 mutant, its PF fraction was isolated and analyzed in detail. Whereas the wild-type filaments stained primarily on the periphery using negative staining, the internal region of the filaments from the flaB1 flaB2 mutant stained dark ( Fig. 5a and  b) . These results suggest that the filaments from the flaB1 flaB2 jb.asm.org mutant were hollow tubular structures. The PF fractions were further analyzed by cryo-TEM. Whereas the wild-type PFs appeared dense throughout the filament image, only along the periphery of the filaments of the flaB1flaB2 was there an obvious increase in density ( Fig. 5c and d) . These results further substantiate that the flaB1 flaB2 mutant formed hollow tubular structures instead of intact PFs. Because SDS-PAGE and Western blot analysis indicated that this fraction contained primarily FlaA (Fig. 2b and c) , FlaA evidently formed a PF sheath structure in the absence of FlaB1 and FlaB2. These results also suggest that in the absence of both FlaB1 and FlaB2, the core structure of the filaments is missing. The PF diameter was less in the mutants without FlaA. We previously measured the diameter of the PFs from the wild type and single mutants by negative staining. The results indicated that the diameters of the PFs from the flaA mutants but not the flaB mutants were thinner than that of the wild type (24) . However, negative staining can yield inaccurate measurements, primarily due to flattening of the PFs on the carbon support film. Accordingly, cryo-TEM, in combination with TMV used as an internal control, allowed precise measurement of the PF diameter. Cryo-TEM measurements were found to be slightly less than previously found with negative staining (24) . For example, the diameter of the wild-type PF measured by negative staining was approximate 25 nm, whereas the diameter measured by cryo-TEM was 21 nm. The single flaB mutants had approximately the same diameters as the wild type, which ranged from 18.0 to 20.0 nm (Fig. 6) . In contrast, the diameters of the PFs from the flaA mutant of 14.8 nm were significantly thinner than that of the wild type (Fig. 6) . Among the double mutants, the diameters of the PFs with the flaA mutation in combination with the flaB mutation were the same as for the single flaA mutant (Fig. 6) . These results are consistent with the previous results and further support the conclusion that FlaA forms a sheath around the FlaB core (24) . The diameters of the filaments from mutants with mutations in flaB1 in combination with mutations in flaB2 or flaB3 were also measured. The flaB1 flaB3 mutant had PFs with the same diameter as the wild-type PFs. This result was expected, since this mutant forms PFs with a helix pitch and diameter quite similar to that of the wild type (Table 1) . We also measured the diameter of hollow tubes found in the flaB1 flaB2 PF fraction. These structures had the same diameter as the PFs of the wild type. The results indicate that FlaA can polymerize into hollow tubes independent of FlaB1 and FlaB2 and that these tubes have the same diameters as the wild-type PFs.
PF stiffness correlates with speed. The presence of a FlaA sheath about the PFs suggests that this sheath may provide a functional advantage for the function of the PFs. One possibility would be that the FlaA sheath makes the flagella stiffer, which would allow the spirochete to swim faster. To test this idea, we constructed a simple model for the helical shape of the PFs, which allowed us to estimate the stiffness of the mutant flagella relative to the wild-type flagella. The stiffness of a filamentary object can be defined by the bending modulus and the twist modulus. The bending modulus describes how much torque is required to impart a given amount of curvature to the filament. The twist modulus describes how much torque is required to twist the filament a given amount about its centerline. Given that the FlaA sheath is relatively straight (Fig. 3b) and by comparing the helical parameters of the wildtype and flaA mutant PFs, we calculated the stiffness (both for bending and twisting) of the FlaB core relative to the wild-type PF ( Table 1) . The difference between the two yields the stiffness of the FlaA sheath relative to the wild-type PF. In addition, by comparing the single flaB to the double flaA flaB mutants, we also calculated the relative stiffness of the PF core when one of the FlaB monomers is missing (Table 1 ; see the Appendix for a complete description of the mathematical model). The wild-type PFs were the stiffest structures with respect to bending, whereas the PFs from the flaA flaB1 mutant were the most pliable. With respect to twisting, the PFs of flaB3 mutant were the stiffest, and those from the flaA mutant were the most pliable. There was a strong agreement between the speed and the bending stiffness of the PFs such that stiffer PFs produced larger swimming speeds (Table 1) . However, if this correlation were exactly true, then the flaB2 mutant should be faster than the flaA or flaB1 mutant. Likewise, the flaA flaB2 mutant should also be faster than the flaA flaB1 mutant. Note that for both of these cases, the relative twist modulus was larger in the slower mutant. These results suggest that larger bending moduli favor faster swimming speeds, but larger twist moduli favor slower swimming speeds.
DISCUSSION
Spirochetes are a medically and ecologically significant but poorly understood group of bacteria. Because their cell structure is unique, spirochete motility is different from that of other bacteria (8, 33) . Cell movement is driven by two bundles of rotating PFs, which are complex structures consisting of FlaA sheath proteins, and multiple FlaB core proteins (8, 24, 25, 26) . The functions of these filament proteins have not been characterized for several reasons. First, in general, spirochetes are a fastidious group of bacteria and are thus difficult to manipulate in the laboratory. For example, T. pallidum, several spirochete species found in the oral cavity, and others found in many habitants in nature have yet to be continuously grown in the laboratory. In addition, those that can be cultured have relatively long generation times. Second, the genetic tools are quite limited for spirochetes. For example, only recently have allelic exchange and transposon mutagenesis been developed for some spirochete species (5, 47) . Finally, because the PFs normally reside in the periplasmic space, directly tracking their rotation, as done with externally located flagella such as those FIG. 6 . Measurement of PF diameters from the wild type and the PF mutants. For each strain, at least 30 filaments were measured, and the measurements were calibrated by the diameters of TMV.
of Escherichia coli and Salmonella enterica serovar Typhimurium, is not currently possible.
The distribution of the FlaB proteins within the PF sheath is still unknown. Our previous results indicated that a given PF contains FlaA and all three FlaB proteins (24) . Two possible structural models have been postulated based on the previous analysis of single mutants (24) . One model states that each FlaB protein forms a specific domain within the sheath, e.g., FlaB1 forms one domain, FlaB2 forms a second, and FlaB3 forms a third. Alternatively, perhaps all three FlaB proteins interact with one another and are distributed along the entire PF core. We favor the latter hypothesis. If the FlaB subunits are arranged with each one in a specified domain, the double mutants with mutations in flaA and one of the flaB genes should have PFs that are not markedly different than those from the single flaA mutants. This was not the case, since the helical morphology of the PFs of the all the double flaA flaB mutants were markedly different from the wild-type and single FlaA mutants ( Table 1) . The results point to a given FlaA protein interacting with more than one FlaB protein to determine PF shape. Our results indicate that a given FlaB protein is distributed along the entire length of the PF. How do we explain the overlap in function with respect to FlaB1 and FlaB2? Perhaps FlaB1 and FlaB2 are both able to perform an essential function for PF morphogenesis and FlaB3 is unable to carry out this function. One likely region may be at the distal end of the hook region. Perhaps FlaB1 and FlaB2 can associate with the hook-associated proteins to permit growth of the growing flagellar filament and FlaB3 is unable to carry out this interaction. A similar suggestion has been made to account for flagellar deficient mutants that comprise the complex flagella of Sinorhizobium meliloti (22) . Along these lines, the deduced C-terminal end of FlaB3 is markedly different from FlaB1 and FlaB2. Alternatively, either FlaB2 or FlaB1, but not FlaB3, could be capable of forming the lattice that gives rise to the normal (helical) filament.
Flagella containing multiple filament proteins are also found in other bacteria, such as Sinorhizobium spp., Caulobacter crescentus, Helicobacter spp., Campylobacter spp., Vibrio spp., and Bdellovibrio bacteriovorus (1, 12, 19, 22, 29, 40) . Although inactivation of some of the genes encoding the filament proteins results in a complete loss in motility, others show a decrease in motility or have little or no effect. We find a similar result with B. hyodysenteriae flaA and flaB1, flaB2, and flaB3 genes-all single mutants are still motile but are less motile than the wild type. Our results indicate that FlaB1 and FlaB2 have at least a partial overlap in function with respect to flagellar morphogenesis and motility. Sequence analysis indicates that FlaB1 and FlaB2 have high identity with one another (76%) and a considerably lower identity with FlaB3 (57 to 60%). Because motility is strongly implicated as a virulence factor for B. hyodysenteriae (20, 42) , redundancy of some of the filament genes is likely to have survival value.
A flagellar sheath has also been observed in several other bacterial genera, such as Vibrio, Helicobacter, and Caulobacter species. However, several lines of evidence indicate that the spirochete PF sheath differs from the flagellar sheath of these bacteria. Spirochete FlaA does not share significant homology to proteins found in these bacteria, and thus it is unique to the spirochetes. Second, in Vibrio and Helicobacter species, the flagellar sheath is fragile membrane material covering the organelle (27, 29) . In most spirochete species, such as T. pallidum, FlaA is tightly associated with purified PFs and cannot be removed even after trypsin and detergent treatments (6, 10, 36) . However, B. burgdorferi is different, since FlaA is readily dissociated from the core after treatment with Sarkosyl (16) . C. crescentus is known to have a protein sheath around its flagellum, but only a small fraction appears to be sheathed, and it is likely that this sheath is composed of one of the flagellins that constitute the filament core (48) . S. meliloti also has a sheath around the flagella, but this sheath is also likely to be derived from the core flagellar proteins (22, 38) . Furthermore, our results indicate that formation of the sheath is not strictly dependent on the existence of the core. FlaB3 is still present in the flaB1 flaB2 mutant and could conceivably act as a start site for subsequent polymerization of FlaA. However, recent results with a fliG mutant of B. hyodysenteriae, which completely lacks detectable FlaB proteins, indicate that a core structure is not necessary for hollow tube formation (C. Li, N. W. Charon, and M. Marko, unpublished data).
The function of the flagellar sheath is not clear. The flagella with sheaths are relatively more rigid in Rhizobium lupini than in other bacteria, and the suggestion has been made that this increased rigidity may permit more efficient swimming in viscous environments (28, 49) . What are the possible functions of the FlaA sheath in spirochetes? From our previous study with single mutants and the results presented here with double mutants, FlaA was shown to influence PF helicity (24) . Our results suggest that the PF sheath increases the stiffness of the PFs and that this increased stiffness produces a larger swimming velocity. Since the PFs influence cell shape in several spirochete species (8, 30) , and preliminary evidence suggests this is occurring in B. hyodysenteriae (C. Li and N. W. Charon, unpublished data), stiffer PFs can deform the cell cylinder more than weaker PFs. Larger deformations of the cell cylinder will produce more thrust. In addition, our analysis shows that the FlaA sheath has a larger effect on the twisting stiffness than it does on the bending stiffness. The PFs of B. burgdorferi have more than one polymorphic configuration (S. Shabata, S. Aizawa, S. Goldstein, and N. Charon, unpublished data), so it is likely that spirochete PF filaments are similar to other prokaryotic flagella in being polymorphic. A moderate twisting stiffness of the FlaA sheath could help stabilize a single conformation, since models for flagellar polymorphism suggest that change in handedness is driven by twisting rather than bending energy (11, 17, 45) . Since the FlaA sheath is preferentially straight, a moderate stiffness with respect to twisting could even stabilize the PFs to one specific configuration. The increase of rigidity may also allow the organisms to efficiently swim in viscous gel-like media. Consistent with this conclusion, the motility of all the flaA mutants is significantly decreased in methylcellulose and on swarm plates ( Fig. 1 and Table 1 ). Alternatively, because flagella are quasirigid and may undergo helical transformation, the major function of the sheath could be impacting the packing conformation of the FlaB subunits and thus stabilize its helical shape. However, a model for flagellar morphology based on monomer configuration suggests that changes in packing will also alter flagellar filament stiffness (45) . We therefore expect that our estimates for both the bending and twisting moduli provide an accurate ordering VOL. 190, 2008 SPIROCHETE PERIPLASMIC FLAGELLA 5613
by Nyles Charon on July 31, 2008 jb.asm.org of the mutant flagella from stiffest to most pliable. To our knowledge, the relationship between flagellar stiffness and motility has only been previously shown for E. coli mutants that encode the hook-associated HAP3 protein (14) . Even though the flaB1 flaB3 mutant forms a filament, we were unable to evaluate the bending and twisting stiffness since this calculation would require knowing the conformation of the FlaB2 core in the absence of FlaA; i.e., a triple mutant (flaA flaB1 flaB3) would be required for this analysis. Because the changes in speed that we observe with respect to the helical parameters of the flagella are significantly larger than would be predicted for these same flagellar geometries rotating in a viscous fluid, we postulate that PF stiffness rather than flagellum shape per se directly impacts cell speed. Directly determining the stiffness of sheathed and unsheathed PFs using a methodology incorporating laser tweezers should provide the experimental test of this model.
APPENDIX
A helix can be defined by its radius (R) and pitch (P) or by its curvature () and torsion (). Although the helix radius and helix pitch are a more natural way to visualize the configuration of the helix, the curvature and torsion provide a better description of the deformation that is required to produce a given shape. For example, to deform an initially straight filament into a helix requires that one bend it to have the curvature and twist it enough to have the torsion. The curvature and torsion of a filament are related to the helix radius and pitch by the following relations:
Linear elasticity theory suggests that to change the curvature of a filament requires a moment that is proportional to the change in curvature, ⌬ (for example, see reference 23):
where A is the bending modulus that describes the material stiffness; i.e., a steel rod has a larger value for A than a similar rod made out of rubber. Since a straight filament has zero curvature, the moment required to bend it to have curvature is A. To deform a helical filament that has initial curvature 0 requires a moment M ϭ A( Ϫ 0 ). Twisting a filament, and changing its torsion, requires a moment that is proportional to the change in torsion, M ϭ C⌬, where C is the twist modulus. We describe the flagellum as a composite of two concentric filaments and assume that the FlaA sheath is preferentially straight, whereas the FlaB core prefers to be a helix with curvature B and torsion B (Fig. 7) . When the FlaB core is inside the FlaA sheath, the FlaB core bends the FlaA sheath away from being straight; likewise, the FlaA sheath exerts a moment to the FlaB core that tends to straighten it. The sum of these two moments must equal zero:
where A A and A B are the bending moduli of the FlaA sheath and FlaB core, respectively. Therefore,
Using the curvature of the wild-type flagellum for , we find that:
So, the FlaB core provides 76% of the bending stiffness of the flagellum, and the FlaA sheath therefore provides 24% of the bending stiffness. A similar calculation can be done to calculate the torsional stiffness where we find that:
Using this same procedure, the double mutant bending and twist stiffnesses can be calculated relative to the wild-type PF.
